Abstract. ADAM metallopeptidase domain 29 (ADAM29) belongs to the ADAM family, is a type I integral membrane protein and secrets a glycoprotein that mediates cell-cell and cell-matrix interaction. Aberrant expression of ADAM29 is involved in a number of physiological processes diversification. The purpose of the present study was to investigate the expression and biological effect of ADAM29 in human gastric cancer (GC) specimens and cell lines in vitro. The expression of ADAM29 was examined in 83 GC samples and 25 adjacent normal gastric tissues using quantitative reverse transcriptase-quantitative polymerase chain reaction and immunohistochemistry. The association between ADAM29 expression and cellular function of GC cells was assessed in vitro. The ADAM29 mRNA levels were significantly elevated in GC tissues compared with paracancerous tissues. Increased levels of ADAM29 were associated with high-grade staging and high Tumor-Node-Metastasis stages. Kaplan-Meier survival curves demonstrated that patients with GC and low ADAM29 transcript levels exhibited longer overall survival (OS) (P<0.01) and progression-free survival (PFS) time (P<0.01) compared with patients with high ADAM29 expression levels. ADAM29 significantly promoted the proliferation, migration and invasion of GC cells in vitro when overexpressed in MGC803 cells and knocked down in AGS cells. ADAM29 was increased in GC and the elevated expression of ADAM29 was associated with a poor survival rate of patients. ADAM29 may become a prognostic factor and therapeutic candidate for human GC.
Introduction
Gastric cancer (GC) is associated with high morbidity and mortality, and remains the third leading cause of cancer mortality globally and most prevalent cancer in East Asia (1, 2) . The majority of patients are diagnosed at an advanced stage, during which curative surgery is necessary with extended lymphadenectomy. Endoscopic screening and laparoscopic distal gastrectomy are effective treatments for advanced GC (3); however, the 5-year overall survival rate for patients with GC remains poor, with a <20% survival rate worldwide due to distant and high frequency metastasis in 2017 (4) . Therefore, it is of great importance to investigate the underlying mechanisms of GC distant metastasis, and to identify effective diagnostic biomarkers of and treatments for GC.
Tumor cells disseminate from the primary tumor to other locations in the body, and rely on modifications in signaling pathways to affect proliferation, migration and invasion. An improved understanding of the molecular mechanisms underlying metastasis may prolong survival and maintain quality of life by relieving tumor-associated symptoms. The tumor microenvironment is a pivotal factor in tumorigenesis and tumor metastasis for coordinating the morphological transformation of cancer cells (5) . Studies have highlighted the important role of the ADAM family, which may be associated with tumor microenvironment (6) (7) (8) .
The ADAM proteins are a family of membrane-anchored glycoproteins mediating cell-matrix interactions (9) . They are essential and are singularly active during the reprogramming of pluripotent stem cells (10) . Their protease and adhesion domains are responsible for cell fusion (11) , adhesion and signaling (9, 12) . Previously, several studies identified aberrant expression of ADAMs in human cancer tissues (13, 14) , which may be associated with carcinogenesis. For example, the overexpression of ADAM metallopeptidase domain 12 (ADAM12) contributed to increased cell proliferation through regulating the expression of phosphorylated (p)-protein kinase B and p-glycogen synthase kinase-3β in non-Hodgkin's lymphoma (15) . ADAM17 promoted growth, migration and invasion in gastric carcinoma cells via the transforming growth factor (TGF)-β/Smad pathway (16) . Furthermore, ADAM17 was demonstrated to be a potential therapeutic target for GC and serve a key role in GC progression (16).
ADAM29 is a member of the ADAM family, located on human chromosome 4q34 (17) . Previous studies indicated that ADAM29 was involved in cancer development and progression (18) (19) (20) (21) . ADAM29 is frequently mutated in several tumor types, including breast and lung cancer, in the form of 4 missense mutations, all located in the same residue (p.Q814H), potentially forming a mini-hotspot (18) . A previous study demonstrated that the mutation of ADAM29 in melanoma affected melanoma cell adherence to specific extracellular matrix proteins, and in a number of cases promoted the migratory ability of the cells (19) . Studies regarding ADAM29 in breast cancer have also been conducted: For example, genome-wide studies indicated ADAM29 was a susceptible locus and a risk factor for breast cancer (20) . In addition, a previous study detected an increased expression level of ADAM29 in breast cancer tissues compared with normal tissues (21) . ADAM29 overexpression and its mutation in various domains affected the migration, growth and invasion of breast cancer cells in vitro (22) . The roles of ADAM29 in other malignant tumor types were also investigated: ADAM29 was demonstrated to exhibit a high mutation rate in several cancer types, including colorectal cancer (23, 24) , esophageal cancer (18) and melanoma (19) . Previous data demonstrated that ADAM29 was upregulated in the MKN45 gastric carcinoma cell line with Mucin 1, cell surface associated downregulated clones, which decreased the rate of cell proliferation (25) ; however, the molecular mechanism underlying ADAM29 and its biological function in GC remains unknown.
In the present study, an investigation into the expression of ADAM29 in tumor and paracancerous tissues (2 cm adjacent from the tumor) of patients with GC, and the association between the expression level of this molecule with the clinical outcomes of patients, was conducted. Additionally, the biological functions of ADAM29 in human GC AGS and MGC803 cell lines were examined following the manipulation of ADAM29 expression in vitro.
Materials and methods
Human GC specimens. Human gastric tissue samples were collected from 83 patients aged 53 to 87 years with GC (comprised of 31 females, mean age 68.24±8.92 years; 52 males, mean age 72.34±9.34 years) who had received curative resection, and immediately stored at -80˚C for further use. Inclusion criteria for patient selection were: i) Histological or cytological confirmation of GC; ii) Positron emission tomography-computed tomography revealed no clinically positive nodes; iii) patients were ≥18 years of age. Exclusion criteria included: i) Inconsistent results of qPCR of 3 repeated experiments; ii) or if patients had previously been diagnosed with severe vascular, cerebrovascular or heart disease. The samples included gastric tumor tissues (n=83) and normal paracancerous paired tissues (n=25) an equivalent number of paracancerous tissues could not be obtained due to limitations of tissue size, and were collected from patients in Yantai Yuhuangding Hospital from January 2010 to December 2017. The number and sample classifications of specimens were verified by two pathologists from Yantai Yuhuangding Hospital (Yantai, China), were confirmed to be free from tumor deposits. The present study was executed accordingly under the protocol approved by the Institutional Review Board and Research Ethical Committee of the Affiliated Yantai Yuhuangding Hospital of Qingdao University (Yantai, China). Written informed consent was obtained from all patients. Clinicopathological factors, including, sex, tumor stage, Tumor-Node-Metastasis staging and lymph node metastasis (26) , were analyzed and are presented in Table I .
Cell lines and culture conditions. Human GC MGC803 (low ADAM29 expression) and AGS (high ADAM29 expression) cell lines were purchased from American Type Culture Collection (Manassas, VA, USA). These cells were incubated with RPMI-1640 supplemented with 1X penicillin/streptomycin and 10% fetal calf serum (Gibco, Thermo Fisher Scientific. Inc., Waltham, MA, USA), in an incubator at 37˚C with an atmosphere containing 5% CO 2 and 95% humidity.
Plasmids and transfection. The Flag-ADAM29 plasmid and ADAM29-small interfering (si)RNA were purchased from Shanghai GeneChem Co., Ltd. (Shanghai, China). MGC803 cells were either transfected with 1 µg Flag-ADAM29 or the control vector pCMV (GeneChem, Shanghai, China) respectively using the X-tremeGENE HP DNA Transfection Reagent ( Roche Diag nost ics G mbH, Ma n n hei m, Germany). AGS were transiently transfected with 1 µg ADAM29-siRNA and corresponding control vector GV112 (GeneChem) using the aforementioned transfection reagent. The si-ADAM29 sequence was: Forward 5'-CCG GGC ACT CTG ACT GAT GGT TCT ACT CGA GTA GAA CCA TCA GTC AGA GTG CTT TTT G-3', and reverse 5'-AAT TCA AAA AGC ACT CTG ACT GAT GGT TCT ACT CGA GTA GAA CCA TCA GTC AGA GTG C-3'. ADAM29 expression was verified using western blotting (described subsequently) following transfection for 48 h.
Immunohistochemical (IHC) staining. All GC sections were dewaxed and rehydrated using routine methods (27) , and incubated with 5% bovine serum albumin (GeneChem) blocking solution for 30 min at room temperature. Slides were probed with the ADAM29 antibody (1:200; Abnova, Taipei, Taiwan) or with PBS for the negative control. Following extensive washing three times, sections were incubated for 30 min with a peroxidase-conjugated goat anti-mouse IgG (1:200; TA130004, OriGene Technologies, Beijing, China) at room temperature. Following washing three times to remove any unbound secondary antibodies, the section color was developed with 3,3-diaminobenzidine chromogen (Cell Signaling Technology, Inc., Danvers, MA, USA). A light microscope with x10 and x20 magnification (BX43; Olympus Corporation, Tokyo, Japan) was used for observation and capturing images.
RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Following the manufacturer's protocol, total RNA isolated from the GC samples with the ABgene Total RNA Isolation Reagent (Advanced Biotechnologies Ltd., Epsom, Surrey, UK). cDNA was generated from 1 µg of each RNA sample using GoScript™ Reverse Transcription system kit (Promega Corporation, Madison, WI, USA). ADAM29 mRNA level was quantified by RT-qPCR using a QuantiNova SYBR Green PCR kit (Qiagen GmbH, Hilden, Germany). Data was analyzed using the 2 -ΔΔCt method (28) . The qPCR primers were as follows: ADAM29 forward, 5'-CAG AGG CAT GAC ACC TCC AG-3'; and reverse, 5'-TGG ACA AAT GGC TGG TCC TC-3'; β-actin forward, 5'-CTG GAC TTC GAG CAA GAG ATG-3'; and reverse, 5'-GAG TTG AA GGT AGT TTC GTG GA-3'. qPCR was programmed as followed: 95˚C for 15 min, then 60 cycles of 95˚C for 20 sec, 55˚C for 30 sec and 72˚C for 20 sec.
Western blot analysis. To investigate the expression level of ADAM29 in the MGC803 and AGS cells, confluent cells were centrifuged at 2,400 x g for 10 min at 4˚C and lysed with lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China). The protein concentration was measured with a bicinchoninic acid protein assay kit (Beijing ComWin Biotech Co., Ltd., Beijing, China). A total of 5 µg 20 µl proteins were separated with 10% SDS-PAGE and blotted on to a nitrocellulose membrane. Following protein transfer, the membrane was treated with 5% skimmed milk to block non-specific proteins for 1 h at room temperature. Specific proteins were separately probed with the aforementioned anti-ADAM29 primary antibody (1:1,000; Abnova, Taipei, Taiwan) and anti-GAPDH antibody (1:1,000; cat no. sc-32233; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) overnight at 4˚C, and then followed by incubation with aforementioned peroxidase-conjugated secondary antibody (1:200) for 1 h at room temperature. Protein bands were visualized using the Tanon High-sig ECL (Tanon Science and Technology Co., Ltd., Shanghai, China) and analyzed with Vilber Fusion Fx5 Spectra (Vilber Lourmat, Marne La Vallée, France).
In vitro cell growth assay. MGC803 and AGS Cell suspensions were seeded into 96-well plates (3,000 cells/200 µl/well). The growth of the cells was assessed following a period of incubation (≤5 days) in quadruplicate (overnight, day 3, day 4 and day 5) in the previously stated conditions. Following incubation, the medium was removed and cultured with 10% Cell Counting Kit-8 (Dojindo Molecular Technologies, Inc., Kumamoto, Japan) for 1 h at 37˚C. Subsequently, the absorbance was determined at the wavelength of 450 nm using a spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA).
In vitro cell wound assay. MGC803 and AGS Cells (1x10 5 /600 µl/well) were added into 12-well plates and cultured overnight at 37˚C to form a confluent monolayer. Subsequently, an artificial wound was produced in the monolayer with a 200 µl pipette tip and washed twice with PBS to remove floating cells. The migration of cells was traced and recorded every 6 h by an inverted microscope at x10 and x20 magnification for 24 h. The wound was measured and analyzed using ImageJ software (version 1.62; National Institute of Health, Bethesda, MD, USA).
In vitro invasion assay. Transwell chambers (upper inserts) polycarbonate filter inserts (BD Biosciences, Franklin Lakes, NJ, USA) with 8-µm pore size were coated with 50 µg Matrigel™/100 µl/insert (BD Matrigel™ Basement Membrane Matrix; BD Biosciences) and air-dried overnight at room temperature. Following rehydration, 20,000 cells/200 µl/insert with RPMI-1640 supplemented with 5% fetal calf serum (Gibco; Thermo Fisher Scientific, Inc.) were seeded in inserts and 1 ml RPMI-1640 medium with 10% fetal calf serum (Gibo; Thermo Fisher Scientific, Inc.) in the lower chamber for 72 h at 37˚C. Following incubation, cells that had invaded through the Matrigel™ and insert membrane and adhered to the other side of the inserts were fixed with 4% formalin for 20 min and stained with 0.5% crystal violet for 20 min at room temperature. Subsequently, crystal violet staining was dissolved with 10% acetic acid and measured at the wavelength of 570 nm spectrophotometer (BioTek Instruments, Inc.).
Statistical analysis.
Data are presented as the mean ± standard deviation. Experimental operations were repeated independently >3 times. Normally-distributed data were assessed using non-paired (two-sided) Student's t-test for two groups, whilst the Mann-Whitney U test was used for non-parametric distribution. Kaplan-Meier analysis was used to detect the association between ADAM29 expression and survival time of patients with GC (KM plotter; http://kmplot.com/analysis/).
Results

ADAM29 expression is associated with the clinical stages of GC.
The expression pattern of ADAM29 was examined in 108 tissue specimens from patients with GC using RT-qPCR, including 83 GC tissues and 25 adjacent normal tissues. The association between the expression level of ADAM29 and clinicopathological features is summarized in Table I . In the analysis of ADAM29 gene expression array data of the human GC tissue specimens, a significantly increased level of ADAM29 transcripts was observed in GC tumor sections compared with the adjacent normal gastric sections (P=0.047; Fig. 1A) . A significantly increased level of ADAM29 transcripts was observed in patients with GC and TNM III or IV stages compared with patients with TNM I stage (P=0.038). Furthermore, an increased level of ADAM29 was determined in patients with terminal stage disease when compared with tumor grade I; however, it was not statistically significant (Table I ). In addition, the expression pattern of ADAM29 at the protein level also demonstrated similar results to its expression at the mRNA level in the IHC assay (Fig. 1B) . It was determined that ADAM29 was expressed in the cytoplasm of normal gastric epithelial cells, and in cancerous cells. The carcinoma specimens demonstrated notably increased protein expression of ADAM29, whilst the paired paracancerous tissues consistently indicated weak or undetectable immunostaining.
Expression of ADAM29 is associated with the survival of patients with GC.
To additionally study the functional aspects of ADAM29 in GC, the association between ADAM29 expression (Affy ID 221337_s_at) and the survival period of patients with GC was determined using KMplot. The Kaplan-Meier survival curves demonstrated that patients with GC and a low ADAM29 transcript level exhibited a significantly longer overall survival (OS) time when compared with patients with a high ADAM29 transcript (P<0.001; Fig. 2A) , in a cohort of 882 cases of GC. In addition, decreased ADAM29 expression was also significantly associated with a reduced progression-free survival (PFS) of a cohort of 646 samples (P<0.001; Fig. 2B ). Expression level of ADAM29 in GC cell lines. To select suitable cell lines for biological function of GC cells, the expression of ADAM29 in AGS and MGC803 cells was analyzed using western blotting. It was determined that ADAM29 was highly expressed in AGS cells and exhibited low expression in MGC803 cells (Fig. 3A) . Following plasmid and siRNA transfection in MGC803 and AGS cells, respectively, it was confirmed that the expression level of ADAM29 was considerably increased in the MGC803 cells (Fig. 3B) , whilst there was a decreased ADAM29 expression level in the AGS cells (Fig. 3C) . Graphical quantification for the overexpressed and knockdown levels of ADAM29 identified using western blotting is presented in Fig. 3 .
Effect of ADAM29 on GC cells growth in vitro.
Compared with the control group, increased ADAM29 expression resulted in a significant increase in the growth of MGC803 cells ( Fig. 4A; P<0.01) , whereas the knockdown of ADAM29 caused a significant decrease in the growth ability of AGS cells ( Fig. 4B; P<0.01 ). These results demonstrated that ADAM29 promoted GC cell growth.
Effect of ADAM29 on GC cells invasion and migration.
Migration and invasion are important components of the malignant phenotype of cancer. The effect of ADAM29 on migration and invasion, respectively, was also assessed through wound healing and Transwell assays, respectively. Functional experiments in vitro indicated that the overexpression of ADAM29 promoted MGC803 cell migration ( Fig. 5A ; P<0.01) and knockdown of ADAM29 decreased AGS cell migration ( Fig. 5B; P<0.05) . The invasion assay demonstrated that, compared with the control groups, the overexpression of ADAM29 in MGC803 cells significantly promoted the invasion ability of GC cells ( Fig. 5C ; P=0.0072), whereas knockdown of ADAM29 resulted in a significant reduction in the invasion ability of the AGS cells ( Fig. 5D; P=0 .0485).
Discussion
ADAM29 has been frequently demonstrated to be associated with the progression of cancer (18) (19) (20) (21) . In the present study, it was determined that ADAM29 was upregulated in GC tissues compared with paracancerous tissues via RT-qPCR and IHC analyses. Furthermore, the expression of ADAM29 was demonstrated to be associated with TNM staging of GC.
The important roles of ADAM family in the progression of various cancer types, including breast and gastric cancer, have been studied (16, 25, (28) (29) (30) . For example, ADAM10 and ADAM17 may facilitate the migration of cancer stem cells resulting in a differentiated phenotype that is more susceptible to treatment (8) . Previously, Micocci et al (29) identified that ADAM9 silencing inhibited breast cancer cell transmigration via blood and lymphatic endothelial cells. An additional study demonstrated that ADAM17 promoted the invasion, motility and sprouting of lymphatic endothelial cells (30) . The anti-lymphangiogenic role of ADAM17 silencing in lymphatic endothelial cells indicated that ADAM17 may serve as a potential target in cancer therapy (30) . The role of the ADAM family in GC has been studied previously (16, 25) . Previously, a study determined that ADAM17 promoted epithelial-mesenchymal transition via activating the TGF-β/Smad pathway in GC cells, which additionally indicated the relevance of ADAM17 as a potential target in cancer therapy (16) . ADAM29 expression also affected the malignant phenotype of tumor cells (25) . For example, ADAM29 overexpression significantly increased the proliferation, migration and invasion of breast cancer cells in vitro (22) . Furthermore, it has been demonstrated that the mutation of ADAM29 frequently occurs in cancer (31) . It was indicated that ADAM29 may serve a pivotal role in the process of breast cancer progression and metastasis (22) . An additional study indicated that somatic mutations of ADAM29 frequently occurred in melanoma (19) ; however, the molecular mechanism underlying ADAM29 in GC remains unclear. To clarify the function of ADAM29, 7 tumor-derived mutants were created in melanoma cells, and its effect on growth and adhesion was examined in a previous study (19) . In the present study, the focus was on the functional aspects of ADAM29 in mediating the malignant phenotype of GC cells. The present study determined that the overexpression of ADAM29 is associated with the elevation of growth, migration and invasion properties of MGC803 in vitro. Concomitantly, a significant decrease in the cellular migratory, proliferative and invasive abilities was identified in AGS cells when ADAM29 was knocked down, when compared with the control group. In combination, these data indicated the pro-cancer role of ADAM29 in GC cells; however, whether mutated ADAM29 may affect these malignant phenotypes, including proliferation, migration and invasion of GC cells is yet to be investigated. In future studies, the complete role of the ADAM29 mutation in GC will be explored.
The effect of ADAM29 on patient survival is not a negligible factor. Kaplan-Meier survival analyses of ADAM29 transcripts in GC indicated that increased levels of ADAM29 expression was were associated with poor OS and PFS time of patients with GC, suggesting that ADAM29 promoted disease progression and relapse of GC. In future studies, clinical outcomes will be measured to reveal the implications of ADAM29 in patient survival.
In conclusion, the data of the present study demonstrated that increased levels of ADAM29 were associated with poorer clinical outcomes of patients with GC. In vitro cell function data indicated that ADAM29 served as an oncogene in GC cells. These data indicated that ADAM29 may serve as a molecular marker in GC diagnosis and as an indicator for prognosis.
